This article presents experimental studies of fuzzy logic application to control a two-wheel mobile robot(TWMR) system. The TWMR system is composed of two systems, an inverted pendulum system and a mobile robot system. Although linear controllers can stabilize the TWMR, fuzzy controllers are expected to have robustness to uncertainties so that the resulting performances are expected to be better. Nominal fuzzy rules are used to control balance and position of TWMR. Fuzzy logic is embedded on a DSP chip to control the TWMR. Balancing performances of the PID controller and the fuzzy controller under disturbances are compared through extensive experimental studies.
Introduction
A balancing control task is one of important mechanisms in dynamical systems. Our human body systems are required to maintain balance when standing, walking, and running. In dynamical systems, robust balancing performances are required for stable walking of humanoid robots, balancing the pendulum of inverted pendulum systems and mobile inverted pendulum systems, and hovering of flying systems.
The inverted pendulum system is widely utilized as a model of control education since it is a single-input multiple-output(SIMO) system and has a nonlinear characteristic. The goal is to maintain the balance of the pendulum while moving toward the desired position. Controlling both the balancing angle of the pendulum and the position of the cart is not easy due to aforementioned characteristics.
The balancing concept of inverted pendulum systems can be extended to many control applications. A walking motion of humanoid robots can be modeled as several linkages with an inverted pendulum system that considers the movement of the center of gravity of the system [1, 2] . The center of gravity compensation method is often used for balancing of walking motions of humanoid robots.
A two-wheel mobile robot(TWMR) is an extended system of an inverted pendulum. The TWMR has challenging structural characteristics of combing two systems, a mobile robot system and an inverted pendulum system. The eventual goal of the TWMR is to maintain the balance of the angle when it navigates on the x-y plane toward the destination.
In the control aspect, TWMR is quite a challenging system to satisfy both requirements of balancing and navigation. Many attempts for controlling TWMR systems have been made in the literature including Segway [3] . Model-based control methods have been presented [4] [5] [6] [7] [8] [9] [10] [11] . Although controlling both a balancing angle and a position of TWMR by linear controllers is possible, performances of PID control methods under disturbances are limited for certain conditions such as a symmetrical design.
To remedy the unstable balancing behavior, a neural network has been introduced. Intelligent control techniques such as neural network have been applied to the TWMR as an auxiliary controller to help main linear controllers by improving the robustness against disturbances [12, 13] .
In other aspects, fuzzy logic is also a good candidate of intelligent tools that can provide its superiority over conventional methods in various areas. Abilities of fuzzy controllers have been proved in many control applications, especially in nonlinear complex system control applications [14] . This leads to the production of fuzzy controlled commercial appliances.
Fuzzy logic is known to have a strong advantage of representing human expression into numerical expression for controlling dynamical systems. Conversely, fuzzy logic requires a time-consuming process to find optimal rules, which is considered as a disadvantage. However, fuzzy controllers perform better than linear controllers since they function as a non linear controller with infinite gains. Therefore, in this paper, a nominal fuzzy control method is applied to TWMR to test its performance. The fuzzy controller is expected to show better performances by improving the balancing performance and increasing the robustness under disturbance. 
Modeling of Two-wheel Mobile Robot System
The kinematic model of TWMR system is shown in Fig.1 . Then we have the kinematics equation of the two-wheel mobile robot system as follows. Thus, in the framework of the kinematics based control, we can control a balancing angle, a position, and a heading angle of the TWMR by controlling angular velocities of two wheels which are directly related with torques.
Linear Control Scheme
The PID control method is mostly used in the industrial application because it is simple and easy to implement when the system dynamic model is not available. Torque of the left and the right wheel can be adjusted by PID gains to satisfy the performances.
Here each wheel torque is summed together as shown in Fig. 2 . Since the integral action has ill effects on the case of balancing control of TWMR due to the accumulated errors, the PD control method is used for the balancing angle control and the PID control method is used for the position and heading angle control. The right and left torques are computed as below.
Since we assume that TWMR is symmetrical, the desired balancing angle is set to zero. This structural symmetry of the system allows us to use linear controllers to control the system.
where R τ and L τ are torque of the right wheel and the left wheel, respectively and ij K is the controller gain. 
Fuzzy Control
A fuzzy controller is a nonlinear controller that can have infinite gains. In the control framework, a fuzzy controller replaces a linear controller to control the TWMR as shown in Fig.  3 . The inside procedure of the fuzzy controller includes several processes such as fuzzification, fuzzy inference, and defuzzification. Several fuzzy sets from corresponding fuzzy rules are obtained. Fuzzy inference process determines a resultant fuzzy set ũ from several fuzzy sets. Finally, the fuzzy set ũ is converted into a numerical value for controlling the system. This process is called defuzzification. The center of gravity method as one of defuzzification methods is given in (5 Fig. 5 . Since the TWMR is a combined system of an inverted pendulum system and a mobile robot system, control variables are a position and a heading angle from a mobile robot system and a balancing angle from an inverted pendulum system. The balancing angle, the position, and the heading angle of TWMR are controlled separately by three fuzzy controllers by replacing linear controllers in Fig. 2 .
Fig. 5 Fuzzy Control Block Diagram
Since each fuzzy controller output is normalized, it should be denormalized by multiplying a constant gain for actuating torques. Right and left torques of the TWMR are computed as Fig. 4 (a) . Denormalizing gains used for experimental studies are listed in Table 2 . 
Real System Integration
The real robot system is shown in Fig. 6 . The whole body is designed to be as symmetrical as possible so that the location of the center of gravity can be placed on the center of the wheel axis. All of components are laid out on the center to make a symmetrical structure.
The main control hardware is the DSP2812 chip that generates PWM signals, collects encoder data, processes sensors, and communicates with a PC. The balancing angle is detected by fusing a gyro and a tilt sensor. Position and heading angles are detected by two encoders. Control sampling time is 100Hz. The overall hardware structure is described in Fig. 7 . 
Experimental Studies

Balancing Control Experiment
The TWMR is tested to maintain balance using the PID controller and the fuzzy controller. Table 3 shows the PID controller gains used in experimental studies for comparison. PID gains are found experimentally to have the better performance. The fuzzy control method is also tested for the balancing performance as shown in Fig. 10 . Red lines of two images are almost aligned, which means that TWMR does not oscillate much back and forth. The corresponding plots of Fig. 11 clearly explain that oscillatory movements are quite small that the positional error is less than 005 . 0 ± m. A balancing angle error, a position error, and a heading angle error plot are shown in Fig. 11  (a), (b), and (c) , respectively. The fuzzy controller works quite well such that the TWMR system is maintaining balance within small balancing angle error bounds of 05 . 0 ± radian. 
Balancing Control Experiment under Disturbance
Next experiment is to test the robustness of the fuzzy controller. The TWMR is intentionally hit by hands to check the balancing performances as in Fig. 13 . Three external hits are applied to the system and the corresponding balancing responses are observed as shown in Fig. 14 . 
Comparison of Balancing Control Experiment between PID control and fuzzy control
Experimental comparison studies between the linear control method and the fuzzy control method are presented. Fig. 15 shows the comparison plots of balancing performance under external disturbances. Although each hit to TWMR cannot be exactly same, it is reasonably applied to be equal.
The linear control method is able to balance the system under the disturbance, but we clearly see from Fig. 15 (a) that angle overshoots for the linear control method due to intentional hits are larger than those by the fuzzy control method. 
Conclusion
This paper delivers the comparison studies of balancing performances of the two-wheel mobile robot system by the linear control and the fuzzy control method. TWMR system is implemented as a test-bed. Results of extensive experimental studies support the statement that the PID control method works well, but the fuzzy control method works better in the sense of robustness against external disturbance. Although nominal fuzzy rules instead of optimized rules are used for experimental studies, the fuzzy controller shows the better balancing performance especially when intentional hits are applied to the system.
In the future research, fuzzy rules can be optimized further to minimize the computational time.
